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Abstract

Human embryonic stem cells subjected to a one-time uniaxial stretch for as short as 30-min on a flexible substrate coated
with Matrigel experienced rapid and irreversible nuclear-to-cytoplasmic translocation of NANOG and OCT4, but not Sox2.
Translocations were directed by intracellular transmission of biophysical signals from cell surface integrins to nuclear CRM1
and were independent of exogenous soluble factors. On E-CADHERIN-coated substrates, presumably with minimal integrin
engagement, mechanical strain-induced rapid nuclear-to-cytoplasmic translocation of the three transcription factors. These
findings might provide fundamental insights into early developmental processes and may facilitate mechanotransduction-
mediated bioengineering approaches to influencing stem cell fate determination.

Insight, innovation, integration
How do mechanical stimuli, sensed through different types of cell adhesions, alter embryonic stem cell fate? This
paper employs a stretchable device coated with different cell adhesion molecules to apply stretch to human embryonic
stem cells in a manner that might mimic differentiation of cell lineages present at the blastocyst stage of development.
The work reveals that stretch induces an unexpectedly rapid export of a subset of pluripotent transcription factors
from the nucleus to the cytoplasm before significant decreases in overall levels. Interestingly, the subset of transcrip-
tion factors exported differs between cells stretched on Matrigel- versus E-CADHERIN-coated devices. These results
have physiological relevance to embryonic development where some cells experience mechanical forces predomi-
nantly through cell–cell contact while other cells also experience cell–ECM interactions leading to different cell-fate
specification. These insights might enhance our understanding of early development and may also guide bioengineer-
ing approaches where stretching is used to accelerate or regulate the direction of differentiation.
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INTRODUCTION

Human pluripotent stem cells (PSCs) including human embry-
onic stem cells (ESCs) and induced pluripotent stem cells (iPSCs)
are a promising resource for regenerative medicine. Pluripotency,
described as the ability of a stem cell to generate all of the cell
types of an organism [1], is regulated by a core group of transcrip-
tion factors—NANOG, OCT4, and SOX2—expressed in pluripotent
stem cells and in cells located in the inner cell mass of the blasto-
cyst stage embryo [2–4]. These transcription factors have funda-
mental roles in early development and are required for the
propagation of undifferentiated ESCs in culture [5]. OCT4 and
NANOG are essential regulators of early development and ESC
identity, and have distinct roles maintaining pluripotency since
disruption of OCT4 or NANOG regulatory circuitry results in the
differentiation of inner cell mass and ESCs to trophectoderm and
extra embryonic endoderm, respectively [1, 5, 6]. Therefore, a bet-
ter understanding of the mechanisms that alter expression of
the pluripotency-related transcription factors and PSC fate may
help comprehending early embryo development processes [7, 8].

Embryonic development is a dynamic, self-organizational pro-
cess involving cell division, cell fate decisions, and morphogenic-
patterning events coordinated through physical and soluble sig-
nals [9, 10]. Biochemical signals known as morphogens modulate
cell activities within the developing embryo [9, 11]. However,
emerging evidence increasingly suggests that physical factors can
dictate cellular fates in response to alterations within the internal
and external environment during embryogenesis [10]. Cells expe-
rience extrinsic tensile-compressive forces from neighboring cells
and they exert intrinsic forces to the extracellular matrix (ECM)
through several mechanisms, including acto-myosin contractility
and cytoskeletal assembly [12]. Advanced understanding of the
mechanisms by which human ESCs respond to local forces will
inform knowledge of development and lineage determination.

During pre-implantation development, blastomeres experi-
ence mechanical forces that alter cell fates within the embryo.
Maintenance of stem cell pluripotency requires the activity of the
transcription factors, NANOG, OCT4, and SOX2. During differenti-
ation, the levels of all three factors decrease, but do so in differ-
ent orders depending on the direction of differentiation. What
could be the role of mechanical forces in regulating the timing of
changes in levels of these three key transcription factors? We
hypothesized that mechanical forces transmitted through differ-
ent combinations of cell surface receptors may play a role. Upon
performing experiments, we found that mechanical strain
applied to human ESCs for as short as 30-min induces rapid and
irreversible nuclear-to-cytoplasmic translocation of NANOG and
OCT4, but not SOX2.

On Matrigel-coated substrates, these translocations are directed
by intracellular transmission of biophysical signals from cell sur-
face integrins to nuclear CRM1 and is not reliant on exogenous sol-
uble factors. Interestingly, on E-CADHERIN-coated substrates,
presumably with minimal integrin engagement, mechanical
strain induces rapid nuclear-to-cytoplasmic translocation of the
three transcription factors. These findings provide fundamental
insights into early developmental processes and may facilitate
mechanotransduction-mediated bioengineering approaches to
influencing stem cell fate determination.

RESULTS AND DISCUSSION

Due to physical and ethical concerns, it is challenging to test
and determine how mechanical forces alter PSC fate during
human development. Previous work utilizing cultured ESCs

in vitro has provided interesting results that aim to fill this gap,
but has also led to apparently contradictory outcomes, where,
for example, mechanical stretch has led to either maintenance of
pluripotency [13, 14] or the promotion of differentiation [15, 16].
Due to methodological differences among studies such as the
type of external mechanical stimuli, the length of stimulus
(hours, days), and supplementation of growth factors and small
inhibitors (TGFβ, Smad2/3) administered to cells, it is not clear
what parameters promote differentiation versus maintenance of
pluripotency [13, 14]. For example, continuous application of a
10% equibiaxial cyclic strain at frequencies above 6 cycles/min
for 12 days maintains pluripotency through action of the TGFβ/
Activin/Nodal signaling pathway [13, 14]. In contrast, 15% applied
strains at 12 cycles/min for 12 h reduces pluripotency gene
expression via activation of Rho/ROCK and subsequent decrease
of AKT phosphorylation [15]. It has also been shown that a
17.5 Pa force applied to cells via RGD-coated microbeads at 18
cycles/min for 1 h reduced OCT4 expression [16]. Furthermore,
matrix stiffnesses in the presence of external growth factors
lead human ESCs into mesoderm differentiation [17]. A recent
study has shown applying 100% continuous-stretching to
human PSCs (pulse width of 2 h for 4 h periods) under neural
induction medium condition phosphorylated myosin and actin
filaments and enhanced cytoskeletal activity [18]. In this study,
we examined the effects of a non-cyclical 10% uniaxial strain
based on the rationale that during gastrulation, strain is more of
a one-time stretch rather than a cyclical stretch-relax event that
repeats every few seconds [19].

To investigate the role of mechanical forces in human ESCs,
we applied a 10% uniaxial stretch and held the cells in that
stretched state thereafter (Figs. 1A and S1, see online supple-
mentary material for a color version of this figure). From prelim-
inary tests with different uniaxial strains (0%, 5%, 10%, 15%, and
20%) applied to human ESCs, we observed translocation of tran-
scription factors by strain conditions above 10%. However, at
20% strain, human ESCs detached from the substrate surface
and failed to thrive (Fig. S2A, see online supplementary material
for a color version of this figure). Hence, we used the 10% strain
condition to investigate the effects of mechanical forces on
human ESCs.

Mechanical stimulation led to a surprisingly fast-induced
translocation of NANOG and OCT4 from the nucleus to the cyto-
plasm that was observed within 30min (Fig. S2, see online sup-
plementary material for a color version of this figure) and
continuing beyond 2 h (Fig. 1B and C). In contrast, SOX2 re-
mained in the nucleus regardless of stretch application to the
cells attached to Matrigel-coated substrates. It has been re-
ported that ERK-mediated phosphorylation initiates the expor-
tation of KLF4 from the nucleus to the cytoplasm [20] and
reduction in E-cadherin expression in differentiated human
ESCs [17, 21]. Therefore, we determined the extent to which
KLF4 and E-CADHERIN expression decreased after uniaxial
stretching (Fig. 1D and E). Because phosphoryled ERK (pERK)
plays a role during differentiation of PSCs [20], we examined
whether mechanical strain induces changes of ERK in human
ESCs. We detected pERK in the cytoplasm of human ESCs sub-
jected to external uniaxial strain in comparison to untreated
controls (Fig. 1F and H). Importantly, the culture of human ESCs
in a non-strain condition for an additional 24 h after being sub-
jected to 2 h of applied strain demonstrated that the transloca-
tion of transcription factors was irreversible, NANOG was
degraded and OCT4 remained in the cytoplasm, while SOX2 re-
mained in the nucleus (Fig. S2, see online supplementary mate-
rial for a color version of this figure).
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Interestingly, mechanical strain in human ESCs elevated the
translation of CDX2, a transcription factor antagonist of OCT4
[22] and a determinant of trophectoderm lineage [23] (Fig. 1G
and I). Gene expression analysis also further confirmed that

10% stretching for 2 h increased trophectoderm markers—CDX2,
EOMES, EpCAM, and FGF4, while expression of ecto- and endo-
dermal markers—WNT3A, SOX17, GATA6, and PAX6—decreased
(Fig. 2B). No change was observed in SOX2 and KLF4, while the

Figure 1. Uniaxial mechanical force exerted on human ESC. (A) Schematic of chip to exert 10% uniaxial strain to human ESCs. Side view with and without stretch

applied illustrates how distortion of flexible substrates results in stretch of adherent human ESCs. Top view depicts reservoirs where cells are loaded and supplied

with medium. (B) Representative micrographs showing the expression of NANOG, OCT4, and SOX2 in human ESC colonies during 2 h of no strain (0%) and 10% strain

applied via uniaxial forces. DAPI stained nuclei. Scale bar = 50 μm. (C) Percentages of cells with nuclear localization of indicated transcription factor in each condition.

(D) Representative images of E-CADHERIN and KLF4 expression during 2 h of 10% stretching. (E) Corrected fluorescence intensity of E-CADHERIN and percentage of

nuclear localization of KLF4 in each conditions (F) Representative micrographs showing phosphorylation of ERK in human ESCs under 10% strain, and (H) its corrected

fluorescence intensity measurements. (G) Representative micrographs showing expression of CDX2 in cells under 10% strain, and (I) its quantification from three inde-

pendent replicates. Unpaired t test P values <0.05 (*), <0.01 (**), <0.001(***), n.s.: not significant.
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RNA expression of NANOG and OCT4 decreased (Fig. 2A). In addi-
tion, the expression of E-CADHERIN and PAXILLIN decreased,
while PTK2 (FAK) and ITGA6 (Integrin alpha 6) expression were ele-
vated after 10% mechanical stretching was applied compared to
non-stretched controls (Fig. 2D). These effects at the RNA and
protein levels were a direct effect of mechanical forces and not

due to exogenous chemical cues, as cells were cultured in the
same culture medium (Materials and Methods).

OCT4 is transported through nuclear pores by the nuclear
export protein CRM1 (also known as XPO1) [20, 24] and the nuclear
import protein, importin α [25–27]. Therefore, we investigated the
involvement of CRM1 in the translocation of pluripotency-related

Figure 2. Molecular characterization and identification of 10% strain applied human ESCs for 2 h via qRT-PCR analysis for temporal expression of (A) pluripotency

(NANOG, OCT4, SOX2, and KLF4), (B) trophoctoderm markers (CDX2, EOMES, EpCAM, and FGF4), (C) ecto- and endodermal lineage differentiation (WNT3A, SOX17, GATA6,

and PAX6), and (D) cytoskeletal, focal adhesion kinase (Ptk2) and PXN (Paxillin), Integrin alpha 6 (ITGA6) and E-CADHERIN with and without 10% strain. All quantification

from three independent replicates. Unpaired t test P values <0.05 (*), <0.01 (**), <0.001(***), n.s.: not significant.
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transcription factors in human ESCs during uniaxial forces. In the
presence of Leptomysin B (LMB), a chemical inhibitor of CRM1,
NANOG and OCT4 remained in the nucleus in contrast to their
cytoplasmic localization in the control group (Fig. 3). This suggests
thatmechanical stretching activates CRM1 in human ESCs.

To determine what cellular machinery might be involved in
sensing the micro-environmental forces exerted by uniaxial
stretching, we investigated nuclear lamins, which sense extra-
cellular forces through the cytoskeleton [28]. LAMIN A/C in par-
ticular plays a central role in the organization of the nuclear

Figure 3. CRM1 inhibitor, Leptomyosin (LMB), abolished the effect of mechanical strain in pluripotent transcription factors. (A) Representative micrographs showing

translocation of NANOG and OCT4 to the cytoplasm of human ESCs under mechanical strain during 2 h in the absence of LMB inhibitor but treated with ethanol (EtOH)

as diluent. (B) Pre-treatment of human ESCs with LMB inhibitor abolished the shuttling mechanism of transcription factors during 2 h of 10% strain forces.

(C) Percentage of cells with nuclear localization of NANOG, OCT4, and SOX2 within 2 h upon mechanical strain with and without LMB. Scale bars equal to 50 μm. All

quantifications were from at least three independent experiments with two replicates per experiments. Unpaired t test P values <0.05 (*), <0.01(**), <0.001 (***). n.s.: not

significant.
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structure and gene function, and it is activated during human
ESC differentiation [29]. Our results demonstrate that LAMIN
A/C expression increased in response to mechanical strain, con-
current with the translocation of pluripotency-related-factors to
the cytoplasm (Fig. 4). These results suggest the involvement of
mechanosensitive protein(s) mediating the activation of CRM1
and LAMINA/C in the translation of NANOG and OCT4. Thus, we
analyzed the phosphorylation of focal adhesion kinase (FAK), a
mechanotransducive protein that previously was shown to be
associated with translocation of OCT4 to the cytoplasm and
with differentiation of human ESCs [30]. Uniaxial force applica-
tion to human ESCs induced FAK phosphorylation (Fig. 4A) con-
current with NANOG and OCT4 translocation to the cytoplasm
(Fig. 5A and B). These results were consistent with our previous
report showing the translocation of OCT4 to the cytoplasm in
response to FAK phosphorylation, induced by Mn+2-mediated
activation or integrin β1 activation in human ESCs [30] (Fig. S3A
and B, see online supplementary material for a color version of
this figure). Pre-treatment of human ESCs with the chemical
FAK inhibitor, PF562271, before uniaxial stretching prevented

the cytoplasmic translocation of NANOG and OCT4 (Fig. 5C–F).
Thus, uniaxial strain-mediated effects on human ESCs cultured
on Matrigel-coated substrates involve FAK activation to trans-
mit the extracellular information from outside to inside the cell.

Similar to early developmental events, our stretching experi-
ments might activate mechanisms that sense changes in cell–cell
adhesion [31, 32] and cell–ECM interactions [33, 34]. To identify the
effects of cell–cell interactions with less involvement of cell–ECM
interactions, we performed experiments with substrates coated
with E-CADHERIN. In the absence of mechanical strain, NANOG,
OCT4, and SOX2 remained in the nucleus. However, upon
mechanical straining of human ESCs cultured on E-cadherin, the
three transcription factors translocated to the cytoplasm within
2h (Fig. 6A and B). Further, upon application of mechanical strain,
FAK became phosphorylated and localized in the cytoplasm,
while in the control group, FAK was localized in the nucleus
(Fig. 6C and D). The translocation of the three transcription factors
to the cytoplasm contrasted with results observed on Matrigel-
coated chips, where SOX2 remained nuclear, while NANOG and
OCT4 translocated to the cytoplasm. This suggests that strain
sensed through integrin-mediated and E-CADHERIN-mediated
mechanisms have different effects on human ESCs. Mechanical
cues on cell–ECM interaction are well known to be involved inme-
chanotransduction via integrins and focal adhesions [35, 36], how-
ever, pathway(s) of strain-induced differentiation through cell–
cell interaction remains elusive. Our results and methods open
new avenues for exploring the distinct role of mechanical cues
from cell–cell interactions vs. cell–ECM interactions.

CONCLUSION

Human ESCs are pluripotent cells that are derived from the inner
cell mass of the mammalian blastocyst, and they are capable of
self-renewal in vitro under certain conditions [37, 38]. It is generally
accepted that ESC differentiation is accompanied by decreased
expression of NANOG, OCT4, and SOX2. Regulation of differentia-
tion, however, ismore complex and the precise balance of transcrip-
tion factors, NANOG, OCT4, and SOX2, plays essential roles in the
regulation of human ESC pluripotency. For example, not only
down-regulation, but overexpression of any of these factors can
also lead to a loss of maintenance of pluripotency and initiation of
differentiation. Specifically, overexpression of SOX2 prompts neu-
roectodermal specification [39], while overexpression/ down-
regulation of OCT4 and NANOG supports mesodermal differentia-
tion [2, 40].

The delicate interactions between pluripotency related tran-
scription factors suggest that changes in their subcellular locali-
zation may also play a role in exit from self-renewal [20, 41],
and in the early stages of differentiation. Previous reports of
translocation of pluripotency-related transcription factors are
limited to a recent report showing that mutations in ERK phos-
phorylation in mouse ESCs lead to KLF4 and NANOG transloca-
tion from the nucleus to the cytoplasm, followed by subsequent
differentiation [20].

Here, we demonstrate that that the pluripotency circuit can
be altered with a one-time uniaxial stretch in the absence of
any genetic manipulation or use of exogenously added growth
factors or cytokines with visible effects as early as 30min after
stretching. Interestingly, inhibition of translocation of NANOG
and OCT4, through blocking of CRM1, prevented differentiation
of human ESCs. Moreover, our data suggest that mechanotrans-
ducive signals through focal adhesions propagate rapidly to
phosphorylate FAK and promote LAMIN A/C expression and
activity of CRM1, affecting the localization and function of

Figure 4. Effect of uniaxial mechanical force on mechanotransductive molecu-

lar components. (A) Representative micrographs showing expression of Lamin

A/C and OCT4 in cells during 2 h without (0% strain) and with (10% strain)

mechanical strain. DAPI stained nuclei. Scale bar = 50 μm. Unpaired t test P val-

ues < 0.05 (*), >0.01 (**), <0.001(***), n.s.: not significant. (B) Quantification of fluo-

rescence for each protein after 10% uniaxial strain.
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pluripotency-related transcription factors (Fig. 7). Our result
contradict a report that shows cyclic mechanical strain main-
tains pluripotency [13, 14], while it supports another report that
demonstrates mechanical strain inhibits pluripotency gene
expression by inhibiting AKT activation [15]. It is worth noting
that unlike these previous studies that use cyclic strain, we
applied a one-time sustained stretch.

Cell–cell adhesion transmits physical forces and influences
the dynamics of tissue formation by enabling cellular processes
including tissue remodeling, migration, and growth during early

development [31, 42–44]. Interestingly, we found that uniaxial
stretch translocated NANOG and OCT4 on Matrigel-coated sub-
strates, while in addition to those two, SOX2 also translocated to
the cytoplasm on E-CADHERIN-coated substrate. These results
show that translocation of pluripotency factors from nucleus to
cytoplasm in human ESCs is mechanosensitive and it is impacted
by forces transduce through cell–ECM and cell–cell interactions.

Overall, these results confirm that biologic responses to
mechanical stress may be propagated faster than biochemical
cues [45]. These mechanotransductive processes on human ESCs

Figure 5. FAK translocate to cytoplasm after strain forces are applied and prevention of FAK phosphorylation eliminates the effects of mechanical strain shuttling plu-

ripotent transcription factors from nucleus to cytoplasm. (A) NANOG, OCT4, and pFAK shuttle to cytoplasm after mechanical strain exerted, (B) NANOG and OCT4 shut-

tled to cytoplasm under the mechanical strain within 2 h in the absence of PF562271, chemical inhibitor of FAK phosphorylation (treated with DMSO, as diluent); while

their localization of these markers remains in the nuclei within 2 h under 10% strain in the presence of PF562271, (C and D) percentage of cells with nuclear localization

of NANOG, OCT4, and SOX2 within 2 h upon mechanical strain with and without PF562271. Scale bars equal to 50 μm. All quantifications were from at least three inde-

pendent experiments with two replicates per experiments. Unpaired t test P values <0.05 (*), <0.01(**), <0.001 (***), n.s.: not significant.
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are dependent on cell–matrix and cell–cell interactions and might
be indicative of early events of embryo development, as observed
here with the upregulation of trophectoderm related markers.
Understanding how mechanical cues alter stem cell fate will pro-
vide us key insights into comprehending early development and
also will contribute to the use of stem cells in regenerative medi-
cine and biotechnology. For example, in stem cell differentiation
applications, it is a standard practice to add different activators
and inhibitor molecules at different timepoints to mimic physio-
logical development. Our results suggest that timed application of
one-time stretch to human ESCs may be a practical and powerful
biomimetic cue to guide stem cell differentiation.

MATERIALS AND METHODS

Microfabrication and PDMS device preparation

PDMS devices were fabricated using standard soft lithographic
techniques [46]. Briefly, a rectangular pattern (13mm × 3mm)
was designed using a commercial computer-aided design soft-
ware, AutoCAD (Autodesk, Inc.) and printed on a transparent
film (CAD Art, Inc.). With the transparent film mask, a SU-8

master structure with a thickness of 200 μm was developed on a
silicon wafer. A 10:1 mixture of a PDMS prepolymer base (Sylard
184, Dow Corning) and a curing agent was deposited on the sili-
con mold and cured overnight at 60°C flat oven. Glass slides were
salinized overnight, and then a 10:1 mixture of a PDMS prepoly-
mer base and a curing agent was deposited on the salinized glass
slide, then spin coated at 650 Rpm for 40 s to obtain 100mm thick
membrane and cured overnight at 60°C flat oven. After peeling
the finished PDMS from the mold, two holes at each end of the
pattern were punched on the PDMS. The peeled PDMS slabs and
membrane were rendered hydrophilic by exposure to oxygen
plasma (SPI Supplies, West Chester, PA) for 5min and then the
slabs were bonded to a PDMS membrane, then two tip reservoirs
were connected to each hole. Shortly afterwards, channels were
filled with PBS to maintain their hydrophilic state and devices
were sterilized with UV light for 30min.

ECM coating on channel

Microchannels were coated with hESC qualified Matrigel (Corning)
and recombinant human E-cadherin protein (R&D Systems).

Figure 6. Effect of uniaxial mechanical strain on E-cadherin-coated substrates. (A) Representative micrographs showing translocating to cytoplasm of NANOG, OCT4,

and SOX2 on E-CADHERIN-coated PDMS chip within 2 h of mechanical strain. (B) Graph indicating percentage of cell with nuclear localization of NANOG, OCT4, and

SOX2 within 2 h upon mechanical strain on cell cultured on E-CADHERIN-coated chips, compared to the control group. (C) Representative micrographs showing shut-

tled to cytoplasm of pFAK within 2 h of mechanical strain. (D) Graph indicating percentage of cell with nuclear localization of pFAK within 2 h upon mechanical strain

on cell cultured on E-CADHERIN-coated chips, compared to the non-stretched group. Scale bars equal to 50 μm. All quantifications were from at least three indepen-

dent experiments with two replicates per experiments. Unpaired t test P values <0.05 (*), <0.01(**), <0.001 (***). n.s.: not significant.
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Matrigel coating: One aliquot of Matrigel (112 ul) was diluted
in 10 mL of cold DMEM/F12 to coat channels. 50 uL of Matrigel/
DMEM/F12 solution was added to channels and incubated at
room temperature for at least 2 h before use. To remove excess
Matrigel, the channel system was washed three times with PBS.

E-cadherin coating: Company’s protocol was followed for
human recombinant E-cadherin protein coating. Briefly, human
recombinant E-cadherin protein was reconstituted at 250 μg/ml
in PBS with Ca++ and Mg++ and then added to microchannels for
incubation at 37°C for 90min. To remove the excess E-cadherin,
the channel system was washed three times with PBS with Ca++

and Mg++.

hESC culture

Human embryonic stem cells (hESCs) Lines H1, H9 (NIH code:
WA09; WiCell Research Institute, Madison, WI), and CHB10 (NIH
Code: NIHhESC-09-0009, Children’s Hospital Corporation) were
cultured on the synthetic surface PMEDSAH as described previ-
ously [47] with human-cell-conditioned medium (HCCM, MTI-
Global Stem, Gaithersburg, MD, http://www.mti-globalstem.
com) supplemented with 5 ng/ml of human recombinant basic
fibroblast growth factor (FGF2; InvitrogenTM, Carlsbad, CA,
http://www.invitrogen.com), and 1%antibiotic–antimycotic
(Gibco). The hPSC culture medium was replaced every other day
and all cell culture was performed in designated incubators at
37°C in 5% CO2 and high humidity. Differentiated cells were
mechanically removed using a sterile pulled-glass pipet under a
stereomicroscope (LeicaMZ9.5, Leica Microsystems Inc., Buffalo
Grove, IL).

hESC seeding in the channel

Hundred microliter of HCCM with roughly 10 undifferentiated
hESC’s clusters (100–150mm) were loaded into the channel

from one end of the device for attachment overnight at 37°C in
5% CO2 and high humidity.

Stretching

After observing cell attachment in the channel, hESC colonies
were subjected to uniaxial strain using a home-made strainer
(S.T. Japan USA LLC, FL, USA) (Fig. S1, see online supplementary
material for a colur version of this figure) [48]. The PDMS device
was stretched by an applied strain of 10%. The applied strain
was further confirmed by a caliper rule. When the uniaxial
strain is applied to the PDMS device, a compressive strain will
be formed simultaneously due to Poisson’s effect. Also, non-
uniform mechanical strain will be applied to the cells depend-
ing on their locations in the device, resulting in different trans-
location profiles. To solve such problems, we took images of the
human ESCs consistently at the center of the channels and
used them for the analysis.

Inhibition and activation studies

Inhibition: PF562271 (Sigma-Aldrich) was added to the culture
media at 1 μM an hour before stretching the cells to inhibit focal
adhesion kinase phosphorylation.

To block nuclear export signal via interaction with a cysteine
residue in the CRM1 (exportin1), LMB (Exportin1 inhibitor) was
added to the media at 100 nM an hour before applying mechani-
cal strain.

Activation: To activate integrin, human ESCs were treated
with 0.5mM manganese chloride (MnCI2) (Sigma, Cat#7773-01-5)
for 24 h.

Cell immunocytochemistry analysis

hESCs in microchannel were washed with PBS for 5min and
aspirated out the supernant and added 1ml of Z-Fix solution

Figure 7. Schematic illustration of mechanotransductive signals activated in hESCs by uniaxial mechanical strain.

Exploring DNA–protein interactions on the single DNA molecule level using nanofluidic tools | 49

http://www.mti-globalstem.com
http://www.mti-globalstem.com
http://www.invitrogen.com


(Anatech LTD: cat# 170) for 10min at RT shaking. Next, cells
were washed 3× with 1ml of PBS for 15min each at RT. This
was followed by sequential incubation with unmasking solution
(PBS, 2 N HCL, 0.5% TritonX) for 15min, its removal, quenching
solution (TBS, 0.1% sodium borohydride) for 15min, its removal,
and permeabilization solution (PBS, 0.02% TritonX) for 15min.
Then, blocking solution (5% BSA in 1× PBS) was added for 1 h.
Microchannels were then incubated in primary antibodies over-
night at 4°C shaking. Channels were then washed with 1× PBS
three times for 15min at RT while shaking. We then incubated
in secondary antibodies covered in foil for at least 1 h at RT
while shaking. Afterwards, channels were washed twice in PBS for
20min, incubated in DAPI solution for 20min and washed in 1×
PBS for 20min. We used Nikon Ti Eclipse Confocal Microscope,
20× and 60× magnification lenses, with water to capture images
with or without 3× digital zoom, ¼ frames per second, 512 × 512
image capture, 1.2 Airy Units, 2× line averaging, appropriate volt-
age and power settings optimized per antibody. No modification
was done, except image sizing reduction, rotation, or gray scale
change for figure preparation. All original and unaltered blots are
found in the Supplementary figures.

All antibodies were used as following with a working volume
of 1ml in 5% BSA in PBS, unless noted otherwise.

Primary antibodies for immunofluorescence in Table 1.
Secondary antibodies for immunofluorescence: All antibo-

dies were used at a concentration of 1:1500 with a working vol-
ume of 1.5ml in 5% BSA in PBS. DAPI stain was used for DNA.
Donkey anti-Rabbit IgG secondary antibody, Alexa Fluor® 488
(TFS: cat# A-21207), donkey anti-Goat IgG secondary antibody,
Alexa Fluor® 594 (TFS: cat# A-11058), and donkey anti-Mouse
IgG secondary antibody, Alexa Fluor® 647 (TFS: cat# R37114).

Image analysis

Image J was used to quantify fluorescent intensity [49, 50]. Briefly,
after selecting the cell of interest using any of the polygon draw-
ing/selection tools, ‘set measurement’ was selected from the
Analyze menu by selecting area, integrated density, and mean
gray value. Then, ‘Measure’ was selected from the analyze menu,
and a region next to the cell that has no fluorescence was selected
for background. This step was repeated for each single cell in the
field and then the all data were analyzed on excel, and this for-
mula was followed for the corrected total cell fluorescence (CTCF):

= − (
× )

CTCF Integrated Density Area of selected cell

Mean fluorescence of background readings

Extraction and purification of total RNA

Plates were washed with PBS and 1000 μl of Trizol Reagent
(Invitrogen, Carlsbad, CA) was added to the plates, and RNAs
were collected after vigorous pipetting. Two hundred microli-
ter of chloroform was added to this solution followed by centri-
fugation (13 000g 15min). Aqueous phase containing RNA was
separated and 500 μl isopropanol was added and stored at 200 °C
at least overnight. Then, the manufacturer’s RNA clean-up proto-
col, RNeasy Mini-Kit (Qiagen, Valencia, CA), with the optional
On-column DNAse treatment was followed. RNA quality and
concentration were checked using a Synergy NEO HTS Multi-
Mode Microplate Reader (BioTek Instruments, Winooski, VT).

Reverse-transcription PCR (RT-PCR) analysis

Reverse transcription from 2.5 μg of total RNA in a 20 μl reaction
into cDNA was performed using SuperScript™ VILO™ Master Mix
(ThermoFisher Cat#11755050). The synthesis of first-stranded
cDNA was carried out in the PCR tube after combining SuperScript
VILO, RNA, and DEPC-treated water, in the first cycle at 25°C for
10min, incubating at 42°C for 60min, and terminating the reac-
tion at 85°C for 5min. Quantitative PCR was performed triplicate
for each sample using TaqMan probes (Applied Biosystems) and
TaqMan Universal PCR Master Mix (Applied Biosystems) on 7900
HT Fast Real Time PCR system (Applied Biosystems). Relative
quantification of Nanog, Oct4, Sox2, FAK, Snai1, T, ITGAV, and
Pax6 gene expression data was normalized to the GAPDH expres-
sion and calculated using the 2−ΔΔCT expression level [51].

A list of primers used in qRT-PCR are given in Table 2. All pri-
mers were purchased from ThermoFisher Life Technologies.

Statistical analysis

Results are presented as mean ± SEM. Unpaired two-tailed
Student’s t test was performed for comparisons, and a P value <
0.05 was considered statistically significant.GraphPad Prism 7
was used to analyze the data.

Supplementary data

Supplementary data is available at INTBIO online.

Table 1. List of primary antibodies.

Antibody name Company Catalog number Dilutions

OCT4 SantaCruz #sc8629 1:500
NANOG Abcam #ab62724 1:100
SOX2 Millipore #ab56603 1:500
PFAK (TYR397) Invitrogen #700255 1:200
CDX2 SantaCruz #393572 1:500
KLF4 ABCAM #ab129473 1:200
E-CADHERIN R&D Systems #AF748 1:500
INTEGRIN ALPHA 6 SantaCruz #374057 1:500
EOMES Cell Signaling #81493S 1:200
EPCAM Cell Signaling #2929S 1:300
pERK Cell Signaling #9101 1:250

Table 2. Primer sets used in qRT-PCR

Gene symbol Assay ID UniGene ID

NANOG Hs02387400_g1 Hs.635882
POU5F1 (OCT 3/4) Hs03005111_g1 (FAM-MGB) Hs.249184
SOX2 Hs01053049 (FAM-MGB) Hs.518438
FAK (PTK2) Hs03657683 Hs.395482
CDX2 Hs01078080_m1 Hs.127383
E-CADHERIN Hs01023894_m1 Hs.461086
PXN Hs01104424_m1 Hs.446336
EOMES Hs00172872_m1 Hs.591663
FGF4 Hs00173564_m1 Hs.1755
EPCAM Hs00901885_m1 Hs.542050
WNT3A Hs00263977_m1 Hs.336930
SOX17 Hs00751752_s1 Hs.98367
GATA6 Hs00232018_m1 Hs.514746
PAX6 Hs00240871_m1 Hs.446336
ITGA6 Hs01041011_m1 Hs.133397
KLF4 Hs00358836_m1 Hs.376206
GAPDH Hs02786624_g1 Hs.544577
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